Bagrada hilaris (Burmeister) (Hemiptera: Pentatomidae) is a non-native stink bug that feeds primarily on cole crops and wild mustards. Its invasion into desert agriculture in California and Arizona presents a conundrum between rapid pest development at warm temperatures and severe damage to cool season crops. In this study, the development and survival of B. hilaris were determined at nine constant temperatures (ranging from 20-42°C) when reared on organically grown broccoli florets. Egg hatching was greatly delayed at 20°C, and first instar nymphs did not survive at this temperature. No eggs hatched at 42°C. The highest survival rates (70.0-86.7%) of B. hilaris were observed at temperatures ranging from 24 to 35°C. The total developmental rate of B. hilaris from egg to adult increased from 0.027 to 0.066/d from 24 to 35°C, and then slightly dropped to 0.064/d at 39°C. Based on the linear model, B. hilaris requires 285.4 degree-days to complete its development. The Briere 1 model predicted the lower and upper temperature thresholds as 16.7 and 42.7°C, respectively. The optimal temperature for development (T Opt ) was estimated as 36°C. According to the results, B. hilaris is well adapted to warm conditions, and temperatures of 33-39°C are well suited for B. hilaris development. Information from this study helps explain the rapid range expansion of B. hilaris across the southern United States and will be instrumental in predicting future expansion across the rest of the country and in other parts of the world. The relationship between thermal thresholds and invasion dynamics of this pest are discussed.
cooler temperatures (16-18°C) (Le Strange et al. 2010 ). In the desert southwestern United States, head-forming brassicas are planted during late August through November and harvested from December to March. The cooler coastal areas of California can produce these crops year-round (Le Strange et al. 2010) .
Ecologically, the current geographic range of B. hilaris in the United States includes areas with moderate coastal climate (i.e., Salinas Valley, CA), very hot and dry deserts (i.e., Yuma, AZ, and Imperial Valley, CA), and cool, dry mountainous regions (Riverside Co., CA) with extreme seasonal changes in both temperature and flora. Monthly surveys to monitor the occurrence of B. hilaris within areas of inland southern California and extreme southwestern Arizona indicated a biseasonal abundance of this pest in desert agricultural areas . Large numbers of adult B. hilaris were observed during spring months, March to May, and again in the fall, September to November, coinciding with field planting of cole crops. However, very few stink bugs were observed during the summer months and yet, adults appeared in newly seeded or transplanted fields, seemingly 'from nowhere' in late August and early September. Meanwhile, in residential areas of the intermountain regions of southern California, B. hilaris was observed throughout most of the year and large numbers of adults were observed on a limited number of plants from July to December. Insects in these areas were found feeding primarily upon brassicaceous weeds, residential landscapes, and home garden plants. Similarly, growers in coastal areas reported problems with B. hilaris during the late summer and fall. Such observations suggested a possible temperature-related effect on insect development and population dynamics.
Numerous temperature-dependent development studies have been conducted on various pestiferous pentatomids (James 1990 , Nielsen et al. 2008 , Zerbino et al. 2013 , Da Silva and Daane 2014 including B. hilaris by researchers in India (Rakshpal 1950; Singh and Malik 1993; Verma et al. 1993; Ghosal et al. 2006; Rajendra et al. 2011; Deep et al. 2014a,b) . However, since this pest is a relatively recent introduction to the United States (Arakelian 2008) , it is important to evaluate the development of established populations within this new environment. This study was conducted to provide information regarding the temperature limitations on development and survival of B. hilaris. For practical purposes, this information may be used to predict seasonal occurrence and thermal thresholds. Both are important components in developing an Integrated Pest Management program (Zalom et al. 1983 ) for areas where infestations already exist, and in ecological modelling studies to help predict potential geographic distribution of this pest and possible consequences of climate change (Ward and Masters 2007) . Results also may help explain the differential spread and success of this pest despite the presence of suitable host plants in all regions of the United States where it currently is found.
Materials and Methods

Colony Maintenance and Experimental Procedure
Approximately, 100 B. hilaris adults were collected from London rocket (Sisymbrium irio L.) and Sahara mustard (Brassica tournefortii Gouan) plants in the Coachella Valley (Riverside County), CA. Insects were transported to the University of California, Riverside campus where they were used to start a colony. Insects were reared on a mixture of brassica seedlings (sweet alyssum, Lobularia maritima (L.) Desvaux; broccoli, Brassica oleracea L. (variety Italica); canola, Brassica napus L.; and mustard greens, Brassica juncea (L.)) grown in insect cages (BugDorm-2120, MegaView Science Co., Taiwan), in a greenhouse set at 30°C with natural light. The colony was supplemented periodically with field collected insects to maintain genetic diversity.
In preparation for the experiments, mating pairs of unknown age were selected from the colony and transported to an environmentally controlled room under warm temperature conditions (30 ± 1°C) and long photoperiod (16:8 [L:D] h). These pairs were placed into round plastic containers (15-cm diameter; Tri-State Plastics, Inc., Covington, KY) with multiple openings covered with fine brass mesh for ventilation. Each container had a bottom liner of white paper toweling to absorb excess moisture and fecal material, reduce fungal contamination, and provide a substrate for oviposition. Organically grown broccoli florets were provided as food and dietary moisture and changed every 48 h. Eggs were collected daily and placed individually into small (5-cm diameter) paper-lined Petri dishes. The paper lining also provided a substrate to allow easy movement of the nymphs through the course of the experiments. These small dishes were ventilated with a single hole in the lid covered with brass mesh. The date of oviposition was noted for each, and each cohort of eggs (≤24-h old) was equally distributed among the different temperatures (20, 24, 26, 28, 30, 33, 35, 39, and 42°C) . Eggs were collected until a minimum of 30 eggs were available for each temperature. Temperatures in all environments were monitored using HOBO data loggers (Onset Computer Corporation, Bourne, MA) and all environments were set at 16:8 (L:D) h photoperiod via full spectrum fluorescent lighting on timers. At each temperature, development from egg to adult was observed every 12 h to determine the duration of each stage and to record corresponding survivorship. Upon egg hatching, each individual nymph was provided with small broccoli florets for food and moisture; florets were changed every 12 h. The presence of exuvia was used as the indication of a successful molt. For calculation purposes, we established the time of molting or death to have occurred at the midpoint between two successive observations (Perring et al. 1984, Ganjisaffar and Perring 2015) . If teneral individuals were observed, that exact time was used for the calculation. Individuals that did not complete development of a particular stage were excluded from the model analysis for that stage. The sex of individuals was determined upon the final molt to the adult. Total developmental time was determined as the cumulative time from egg deposition to adult emergence.
Statistical Analysis
Proportions of surviving individuals at different temperatures were tested for equality using the Chi-square test (P <0.01), followed by pairwise comparison of proportions after correction with the Bonferroni method (P < 0.05; R Core Team 2016). Data of developmental times did not meet the normality criteria; therefore, the Kruskal-Wallis test (nonparametric ANOVA) followed by Dunn's multiple comparison test (P < 0.01) was used to test for significant differences among different temperatures (R Core Team 2016). Mean developmental times of females and males at each temperature also were compared using the two sample t-test (normal data with equal variances), Welch two sample t-test (normal data with unequal variances), or nonparametric Exact Wilcoxon-Mann-Whitney test (non-normal data; P< 0.05) (R Core Team 2016).
The relationship between temperature (T) and developmental rate (1/d) was described for all immature stages and for total development (egg to adult) using one linear (Simpson 1903 ) and four nonlinear regression analyses (Logan et al. 1976; Lactin et al. 1995 , Briere et al. 1999 ) (IBM SPSS Statistics 2015). The equations for selected models are given in Table 1 . For the linear model, the lower temperature threshold (T min ) and the thermal constant (K) (cumulative degree-days) were calculated as T min = −a/b and K = 1/b, respectively (Campbell et al. 1974) . The goodness of fit for each model was assessed by the adjusted R 2 (R 2 adj ) (Kvalseth 1985) , and Akaike Information Criterion (AIC) (Akaike 1974) . The model with the smallest value of AIC and the highest value of R 2 adj was considered to provide the best fit.
Results
Survivorship and Development
Temperature had a significant effect on the survival of all immature stages except the fourth and fifth instars (Table 2; egg: χ 2 = 60.81, df = 7, P < 0.01; first instar: χ 2 = 37.87, df = 6, et al. (1999) Linear model: a and b are equation constants and T is the rearing temperature (°C). Logan: T is the rearing temperature (°C), Δ is the maximum developmental rate, ρ is a constant defining the rate of increase to optimal temperature, T max is the upper temperature threshold, and ΔT is the temperature range over which physiological breakdown becomes the overriding influence.
Lactin model: T, ρ and ΔT are as in Logan, λ forces the curve to intercept the Y-axis at a value below zero, and thus allows estimation of the lower temperature threshold, and T M is the supraoptimal temperature at which D r = λ.
Briere models: T is the rearing temperature (°C), a is an empirical constant, T 0 is the lower temperature threshold, T max is the upper temperature threshold, and m in Briere 2 is an empirical constant. 
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16.1 ± 0.6 c ns (6) 42 D t Survival N = 40 *N is the initial number of eggs used at each temperature. † Means within a column followed by the same letter were not significantly different (lower case letter: Kruskal-Wallis test with Bonferroni correction, P < 0.01; capital letter: Chi-square test with Bonferroni method, P < 0.05) ‡ Numbers in parentheses are numbers of live individuals that survived through each life stage, used to calculate the mean developmental times and survival rates. ¶ Mean developmental times of females and males at each temperature were compared using the Two Sample t-test (normal data with equal variances), Welch Two Sample t-test (normal data with unequal variances), or nonparametric Exact Wilcoxon-Mann-Whitney test (non-normal data). The symbol ** shows the significant difference in developmental times between females and males (P < 0.05). ns means nonsignificant P < 0.01; second instar: χ 2 = 96.15, df = 6, P < 0.01; third instar: χ 2 = 67.06, df = 6, P < 0.01; fourth instar: χ 2 = 7.77, df = 6, P = 0.26; fifth instar: χ 2 = 5.55, df = 6, P = 0.48; and total development: χ 2 = 56.03, df = 6, P < 0.01). No eggs hatched at 42°C, whereas at 20°C, 40% of the eggs hatched but the first instar nymphs failed to leave the surface of the egg, feed, and molt. Eggs that did not hatch due to injury or death were distinguishable from those which were infertile. Infertile eggs remained white in color and eventually the chorion collapsed, while healthy eggs gradually changed color from pink to orange-red. Survival during all nymphal instars was very high (≥95.5%) at temperatures ranging from 24 to 35°C. While development to the adult stage was successful between 24 and 39°C, the highest survival rates for total immature development were observed between 24 and 33°C (70.0-86.7%; Table 2 ).
Mean developmental time of each immature stage was significantly influenced by temperature (Table 2 ; egg: χ 2 = 217.04, df = 7, P < 0.01; first instar: χ 2 = 159.89, df = 6, P < 0.01; second instar: χ 2 = 147.92, df = 6, P < 0.01; third instar, χ 2 = 147.25, df = 6, P < 0.01; fourth instar, χ 2 = 154.49, df = 6, P < 0.01; and fifth instar: χ 2 = 158.03, df = 6, P < 0.01). The shortest time to hatching was 3.0 d at 35°C and 3.1 d at 39°C, and the longest incubation period (21.4 d) occurred at 20°C, although it was not significantly different from 24 and 26°C. Nymphs reared at the higher temperatures (28-39°C) had statistically similar developmental times and developed faster compared to those reared at lower temperatures (24 and 26°C). The difference between the total development of males and females was significant (P = 0.046) only at 30°C; therefore, we combined the developmental time of both sexes for subsequent analyses. Total immature developmental time was influenced by temperature ( χ 2 = 164.73, df = 6, P < 0.01), ranging from 35.6 d at 24°C to 15.3 d at 35°C (Table 2) .
Relationship Between Temperature and Developmental Rate
For each life stage, a linear increase in developmental rate was observed as temperature increased up to 35°C. For most instars, the developmental rate curves showed that 39°C exceeded the optimal temperature (Fig. 1) ; therefore, linear regressions were conducted between 24 and 35°C (between 20 and 35°C for the egg stage). The lower temperature thresholds (T min ) and the thermal constants (K) estimated by the linear model ranged from 13.7 to 16.5°C and 36.2 to 60.9 DD, respectively, for the egg through fifth instars (Table 3) .
For total development, T min and K were estimated to be 15.3°C and 285.4 degree-days, respectively (R 2 adj = 0.864; Table 3 ). Considering the goodness-of-fit of the models and their parameter estimations, Briere 1 was selected as the best model to describe the nonlinear relationship between temperature and developmental rate of all immature stages and the total development for B. hilaris (Fig. 1) . With the highest adjusted R 2 adj (0.729-0.944; Table 3) , it estimated T min to be 14.5-18.5°C for immature stages and 16.7°C for total immature development. The T max for the immature stages ranged from 41.0 to 46.5°C and was 42.7°C for total development. Briere 2 was the next best fitting model; however, it overestimated T max for all immature stages and total development (44.7-53.6°C). The Lactin model estimated a very low T min for the egg, second instar, and total development (12.9, 7.6, and 3.6°C, respectively), and its estimations for T max and T opt were close to estimations of the Logan model (Table 3 ). The optimal temperature for total development was estimated to be 36.1-36.5°C for all models.
Discussion
The survival rates of B. hilaris were highest between the temperatures of 24 and 33°C (70.0-86.7%, respectively). While Deep et al. (2014a) reported a temperature range of 20-40°C for survival of Bagrada cruciferarum Kirkaldy (= B. hilaris) , we found the extremes in our studies to be detrimental to its survivorship and development.
There was no egg survival at 42°C and no development past the egg stage at 20°C. There also was high mortality of the egg stage at 35°C resulting in only 43% survival across the immature life stages. High mortality of the first, second, and third instars at 39°C resulted in 22.5% survival by the time they reached the adult stage. It is interesting that at 35 and 39°C mortality was high for some life stages, but not all individuals died as they did at 20 and 42°C. Low survival of young instars at high temperatures may be due to the impact of low humidity at the high temperatures. This relationship between low humidity and poor survival has been observed in other stink bugs. Lockwood and Storey (1986) found that group rearing or aggregations of Nezara viridula (Linnaeus) nymphs increased the humidity around the nymphs and thereby decreased their mortality. Based on this relationship, they suggested rearing first instars in groups prior to separation for such studies. Although B. hilaris eggs typically are deposited individually or in small clusters in the soil (Taylor et al. 2014) , young nymphs often are found in large aggregations . While these aggregations may be related to host cues or other factors, humidity also may play a role in survival of earlier instars as in other species. In addition, later instars frequently are found on broccoli florets in desert broccoli fields even when not feeding. This behavior may provide them with a more humid microenvironment than if exposed to the ambient conditions that exist in arid environments. Results of our temperature-developmental rate study are similar to other research conducted in India under both laboratory and field conditions (Atwal 1959 , Singh and Malik 1993 , Ghosal et al. 2006 , Rajendra et al. 2011 , Deep et al. 2014b ). Ghosal et al. (2006) reported an incubation period of 3.8 d at a temperature range of 24-30°C. Eggs have been reported to hatch in 3.0-5.0 d at a temperature range of 30-40°C (Atwal 1959 , Deep et al. 2014b ). Singh and Malik (1993) also estimated the incubation period to be 3.3 and 6.2 d at average laboratory temperatures of 35.8 and 25.6°C, respectively, and 6.3 d in the incubator set at 28°C. In the present study, the incubation period was 3.0-3.9 d between 28 and 39°C, with longer development (5.9 and 6.4 d) at 26 and 24°C, respectively. Total developmental time at 28°C was longer when reared on broccoli florets in our study (18.6 d), compared with those reared on water-soaked mustard seeds (15.8 d) by Singh and Malik (1993) . The higher protein in mustard seeds may have accelerated development in the earlier study.
This study shows B. hilaris to be well adapted to warm conditions and develops most rapidly at temperatures between 33 and 39°C, despite its preference for cole crops which typically are grown under cool conditions. Among the selected models, the Briere 1 model yielded the best fit to our data and can be used to describe the relationship between temperature and development of B. hilaris. The prediction of T min by the Briere 1 model for total development (16.7°C) was closer to what was observed in the experiment (20°C) compared to the estimation of the linear model (15.3°C). The fact that the incubation period was considerably prolonged at 20°C and no nymphs survived to adulthood suggests that the lower temperature threshold for B. hilaris should be slightly lower than 20°C. According to the predictions of the Briere 1 model, T max for its development was 42.7°C, although we observed no development at 42°C. The optimal temperature for development (T opt ) estimated by all models was 36.1-36.5°C, very close to the temperature (35°C) at which the maximum rate of development occurred. Singh and Malik (1993) also found that the shortest developmental time for all the nymphal stages combined occurred at an average laboratory temperature of 35.8°C. However, their field observations showed that 22-25°C were optimal temperatures for development. This discrepancy may be due to B. hilaris populations from different geographical regions with different climate adaptabilities and/or different food sources (broccoli versus mustard seed). B. hilaris requires fewer degree-days (285.4 DD) to complete its development than other stink bugs. The thermal constant has been calculated as 538 DD for the invasive brown marmorated stink bug, Halyomorpha halys (Stal) (Nielsen et al. 2008) , and 483 and 588 DD for the green stink bug, Chinavia hilaris (Say) (=Acrosternum hilare) in soybean (Simmons and Yeargan 1988) and pistachio (Da Silva and Daane 2014), respectively.
In desert agriculture, cole crops are planted from late August through October when daily average temperatures were between 21.8 and 37°C from 15 August 2016 through 31 October 2016; 92% of the days had average temperatures above 24°C (California Irrigation Management Information System [CIMIS] [http://www. cimis.water.ca.gov/] #87, Meloland, CA). Adult B. hilaris present at this time feed on newly emerging seedlings, killing the young plants, and impacting field establishment , Palumbo et al. 2016 . In California, coastal regions of Monterey County, cole crops are planted from mid-February through October, and the average daily temperatures from 16 February 2016 to 31 October 2016 were between 10 and 22.8°C (CIMIS #114, Arroyo Seco, CA). The maximum temperatures on 51% of these days were below 24°C, thus being too cool to promote B. hilaris immature development according to the present study (Table 2) . These temperature differences help explain the relatively slow movement of B. hilaris into the California coastal regions compared to the rapid dispersal eastward into the deserts of California, Arizona, and Nevada in the 2 yr following its introduction into the United States (Palumbo et al. 2016 ). Based on the results of this study, we expect further geographic range expansion of B. hilaris into the warm southern regions of the United States, particularly where there is an abundance of brassicaceous crop and weed hosts.
